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Abstract

This paper introducesa denotationalsemanticsfor a
core of the draft IEEE standad analogand mixedsignal
designlanguageVHDL-AMS,and derivesgeneal results
aboutthe behaviourof VHDL-AMSprogramsfromit. We
include for example a demonstationthatVHDL-AMSpar-
allelismis benignin the absenceof shaed initializations.
As proof of conceptwe havebuilt an interpretedsimulator
that prototypeghe semanticsind which runsmulti-process
mixedanaloganddigital descriptionscorrectly.

Keywords Languagedesign,VHDL-AMS,Languagese-
mantics,mixed-signakimulation.

1 Introduction

VHDL-AMS seeksto conservativelyextendthe IEEE
standardligital designlanguage/HDL [7] to cover mixed
analogueanddigital systemslt adjoinslinguistic elements
thatmodelcontinuouslyaryinganaloguesystems VHDL
is intendedo beconseredin thesensehat, firstly, it forms
a correctsubsebf the extendedanguagesyntax,and,sec-
ondly, codein the VHDL subsetshouldrun underVHDL-
AMS in sucha mannerthat, whenviewed at integer unit
time points,its traceis exactly thatunderVHDL. It would
be usefulto have formal assurancesf this, elseuserscan-
notbecertainthattheresultsfrom new VHDL/VHDL-AMS
simulatorsarevalid for VHDL alone.

" This researcthasbeenpartially fundedby NATO grantCRG.960228
CARE4HW

Proving anything abouta real-world language andim-
possiblewithout a suitablebasisfor proof, so this article
first setsout a denotationabemanticfor VHDL-AMS. We
cover acoresubsedf the elabomatedlanguagga subsein
termsof which the restof the languageis defined). The
subsetincludesscheduledsignal assignmentswait state-
ments,analogudlifferentialequationgor quantities their
re-initializations,andall standardmperatie languageon-
trol constructs.

The semanticpresentedereis oneof two modelsfor
VHDL-AMS thatwe know of. The otherhasbeendevel-
opedby Sasakiet. al. [9] andextendsa modelof VHDL
'93 givenin termsof Evolving Algebrasin the chapterby
Borgeret. al. in [6]. Thepresensemanticss derivedfrom
the denotationakemanticof Breueret. al. for unit delay
VHDL, aspresentedn [6] in functionalstyle, later recast
asrelationalsemanticawith a completeaxiomaticseman-
tics andrefinementcalculusin [1, 2, 3]. In [2], time was
treatedas continuouswith integer unit obsenation points,
which pavestheway for the developmenthere,sketchedn
[8], in which obsenationsmayalsobe continuous.

Althoughdenotationaktyle semanticshave proved suc-
cessfuin thedevelopmenbf formalmethodsno“theorems
in thelarge” have beengeneratedrom them.Thatisin con-
trastto the situationin operationalsemanticswhereKees
Goosensbperationasemanticgor VHDL'93 [5] wasused
by him to prove thatthe parallelismin VHDL wasbenign,
in thesensdghatno ambiguityderivesfrom it (Goosensvas
heretalking abouta subsethat excludedsimultaneousni-
tializations of sharedvariables). In other words, VHDL
simulationruns areintrinsically repeatable.In this article
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Figure 1. Bouncing ball (height vs. time)

we shaowv thatdenotationabemanticss capableof thesame
result, this time in the extendedcontet of VHDL-AMS.
We alsoshawv or sketchproofsthat VHDL-AMS doesin-
deedextend VHDL conseratively, and that VHDL-AMS
hasreasonabl@ropertiesvith respecto the numericalim-
precisionsunavoidablein analoguesystemssimulation.
For example, we have studied a small mixed-signal
single-procesprogramdravn from thediscussionsverthe
VHDL-AMS draftthatis intendedo simulateaball bounc-
ing undertheinfluenceof gravity, andfeelingsomeair re-
sistancgSimulationin Figure1 andFigure?2). In the core
syntaxin which we expressVHDL-AMS, theprogramis:

process ball(qout: h=1, v=0; var g = 9.8, a = 0.1)
d vidt == -g - sign(v) * a* v2;
d h/dt == v;
begin
wait  until h<o0
break h => 0;
break v => -v;
end

Surprisingly insteadof a decayingbounceheight,a com-
putersimulationmay easilyproduceanincreasingoounce.
The mostinterestingaspectis thatif the computeris late
in seeinghe bouncetheball will betraveling afasterthan
it would have beenat the correctmoment. Reversingthe
signof thevelocity (boreak v => -v ) andtranslatingit
to its correctbounceposition (break h => 0) hasthe
effect of moving it up a potentialenegy gradientwithout
decreasinghe extra kinetic enegy. Thatshavs up asin-
creasedouncenext timeroundtheloop.

The astuteprogrammemill correctfor possibleexcess
enegy:

process
d v/dt
d h/dt

begin

ball(gout: h=1, v=0; var g = 9.8,
== -g - sign(v) *a *ov2;
== V;

a = 0.1)
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Figure 2. Bouncing ball (velocity vs. time)

wait  until h <0
break h => 0;

break v => - sqrt(2) * sgrt(v'2 / 2 +g* h)

end

But the programmercannotalwaysknow or guardagainst
this kind of problem. Insteadhe or shemusthopethatin-
creasinghumericalprecisionandsamplingfrequeng leads
toincreasingoverall accurayg. We canprove thatthatis the
caseunderreasonablénypothesesbut that even then the
assurancenly holdsfor “all but a finite numberof points
of discontinuity”in ary finite interval. What may happen,
for example, is that the approximantdo, say a savtooth
waveform all err timewise by somepositive epsilon. Ep-
silon shrinksto zeroasthe meshusedto solve the differen-
tial equationgyetsfiner. But the erroratthe discontinuities
in thesawtoothwill alwaysbeof the orderof thesizeof the
wave. It is nottrivial to prove eventhatmuch.

The approachrequiredto prove this requiresa second
semanticdor VHDL-AMS, thistime basechotonacontin-
uoustime line, but on ameshof anarbitraryminimal preci-
sion. In thisarticlewe will sketchthe apparatusequiredto
studytherelationbetweerthe “ideal” andthe “approxima-
tion” semanticsn thelimit.

We would wish to alsoderive otherguaranteesf good
behaiour. For example,that “reality is a fixpoint of the
schedulingsemantics™:if we run a simulationonce,andit
givesriseto acertainsequencef events,thenwe canrerun
the simulation,this time giving the last simulationresults
asaninitial scheduleof events,andthe samesequencef
eventswill ensue.

This obsenation is the basisfor a prototype VHDL-
AMS simulatorthatwe have built. But we do not have as
yet a denotationalproof of the result. The simulatorcal-



culatesthe schedulghatis thejoint ‘reality’ fixpoint of all
processesTheFiguresl and2 areoutputsfrom thatsimu-
lator.

The layout of this paperis as follows. In Section2
the simple core languagesyntaxis setout. In Section3
an“ideal” formal denotationabemanticss givenin terms
of classicaldynamicsystemsandgeneralobsenationson
the behaiour of VHDL-AMS programsare derived from
it. Sectiond commentdriefly onthetranslationof this se-
manticsinto a prototypesimulatorimplementation.

2 Core Syntax

This sectiondescribesa core syntaxfor VHDL-AMS,
into which we translateotherconstructof the language It
is intendedto approximatean abstractsyntaxfor standard
elabomated VHDL-AMS (macrosand non-primitive con-
structsexpanded).

prog = p1 p2 p3 ..
proc := process ni(dy;ds;ds;...)
€1, €2, .
begin
S1; 82,
end
decl = qout g [= k]], QQ[= ]CQ],
| qin qi[= k1], g2[= k2],
| out  g1[=ki],  g2[= k2],
| in g1[= k1l g2[= k2],
[ var  wu=k]  wel= k]
egn = d g/dt = =z,
expr = kq I - I xr1t+To I r1*xo I
| fi(z1, z2,..0) [ v ] g1 ] @
| if b then =z, else z3 fi
bool = T I F I by && by I r1 < o I
stmt = if b; then sp;.. else  ss3;... fi
while by do 81, 52,... od
do 51, 52,... until by

null

wait [on z;] until b1
send g1 <= z; [after T3]
break ¢q; => x;

v = I

relax

d; € decl, ¢; € eqn, ¢; € qty, s; € stmt, v; € var,
gi € sgnl, b; € bool, z; € expr, k; € cust, f; €
func, p; € proc,n; € pid,1=1,2,3,...

Figure 3. Syntax of the core language

The languagecontainsthe following additional con-
structsover andabove whatwould be requiredfor VHDL,
reflectingtheextensionsnadein VHDL-AMS:

1. Processesnay declarequantities as well as signals
andlocalvariables.

2. Differential equationggoverningquantitiesmaybede-
clared.

3. Expressionsnayreferencejuantitiesaswell assignals
andvariables.

4. The break statementeinitializesa quantity at the
next entryinto thedifferentialequationsolver.

5. The wait statementmay wait upon a condition
that referencesan analogquantity aswell assignals
and variables. In the draft standarda processcan
wait upona quantity crossinga threshold(wait on
q'above( =z)).

Resolutionfunctions,whichin VHDL areusedto arbitrate
the resultsof simultaneouswrites to the samesignal, are
not allowedhere. They may be simulatedby replacingev-

ery referenceo aresohedsignalby the expressiorthatits

resolutionfunctiondenotes.

The following aspectanay be regardedas either addi-
tions or restrictionswith respecto the VHDL-AMS stan-
dard.They chiefly provide for localizationof the control of
guantitiesin a single processwhich formed a part of our
experimentation.

1. Export(via gout) of a quantityis allowedin a process
declaration.

2. The equationsgoverning a quantity are local to the
procesghatexportsthe quantity

3. Relaxis anew pseudo-statement.

4. Only differential equations of the simple form
dv/dt = ..., in which ther.h.s. containsno differ-
entials,areallowed. Theoreticallythisis sufiicient.

In the VHDL-AMS standardguantitiesmay only be glob-
als. Thatapproachmaybeduplicatechereby encapsulating
all quantitiesin oneprocess.

Relaxis thetrivial caseof break It hastheeffectof reap-
plying the currentdifferentialequationsn orderto obtain
new forwardprojectionsin thescheduler

All quantitiesyariablesandsignalsarerealvalued.The
namespaceis shared.

3 Denotational Semantics

The semanticgyiven to VHDL-AMS hereis basedon
our publishedsemanticgor (unit delay)VHDL [1, 2]. The
only essentiathangedo the domainequationsare (1) in
theunderlyingdomainof time,whichfor VHDL is integer
based.andfor VHDL-AMS is basedon the real numbers



plusdeltas,and(2) in the predicationof the semantidunc-
tions on an oracle the ‘black box’ chaged with solving
differentialequationgo give a statetrajectory

The terminationsemanticsS[s] € ss of a statement
is a (causal)relation betweenthe systemstatebeforethe
executionof s, andafterits termination.

Thedynamicstateof asystenis capturedn aworldline,
time point pair. A worldline is a recordof the historical,
current,and projectedstatesof the systemat all possible
times, and the time point identifiesthe statein the world
linethatis considereaurrent.As asystenevolves,thetime
pointmovesforward,andtheprojecteduturestatechange,
in accordance&vith thoseVHDL schedulingcommandshat
have beenexecuted. The historical part of the world line
never changesasthetime point movesforward, reflecting
causabehaiour.

Time is a two-dimensionapair ¢ consistingof (1) the
currentrealtime ¢ € R of the systemand (2) the index
of the currentsimulationdeltacyclei € A. l.etime ex-
tendsthe reals, associatingan infinite numberof points
19 < ! < 2 < ...toeachrealtimet € R. Theextra
pointst! ¢, ... representepeatedgimulationcyclesatthe
sameinstantof time, or deltas. Processemay engagen
communicatiomotonly atthe“ordinary” timest”, but also
atthedeltatimest', 2, . ... Progressn time is represented
eitherby anincremenibf the deltaordinatewhile realtime
staysconstantpr anincreasen therealtime ordinate.

Time = (®,N)
State =I1d — R
WL = Time — State
ss = wLTe) s wi T
sp = wLTp) A T
Semantics = (SS,SP)

Figure 4. Semantic Domains

Whilst a terminationsemanticss appropriatefor state-
mentswithoutduration,it is inadequatéor constructs that
may never terminate,or terminateonly after anindefinite
time in which they do somethingobsenable. A VHDL-
AMS processever terminatesbut producesanobsenable
trace.Thereforewe definea suspensiosemanticd[s].

P[s] is therelationbetweera systemat the onsetof ex-
ecutionof s, andthe systemat ary point at which the exe-
cutionof s is still in progressThelattermaybethoughtof
astheobsenablesystenstatewhentheobsererchooseso
senda suspendignalto arunningprocess.

Thesuspensiosemantic$or statementthathave nodu-
ration, suchasassignmentis empty The terminationse-
manticsfor statementshat do not terminateis the chaotic
(causalhistory preservingYyelation.

The semanticfunctionsare predicatedon an oracle Q.
This is an agentthat predictsthe trajectoriesof quantities.
An oracle givenaninitial stateandtime, andqueriedabout
afuturetime, will pronounceonthestatethen:

Oracle = (State,Time) — Time — State

Sequencesf statementgomposeassequencesf rela-
tions. Theloopfixpoint is thelargest(i.e. leastdetermined)
relationthatsatisfieghe causality(history preservingon-
straint.Causalityis necessarpecausetherwisgheseman-
ticsof astatementollowedby anonterminatindoopwould
be historically indeterminate gven thoughthe preceeding
statemenhadbeenwell-behaed.

S[-] = stmt — Oracle — SS
S[if by then ss; else ssy fi] O(w,t) =

if [bi]J(w t) then S[ss;] O(w,t) else S[ssz] Ow,t)
S[while  b; do ss; od] O=

S[if by then ssp;while b, do ss; od else nul] O
S[ 515 sn] 0= S[51]10; ... ; S[sn]O
Shull]  Owt) = {(wt) }
S[do  ss; until b1] O= &[ ssi;while  b; do ss; od] O

Assignmentshereconsistof a systemstatechangefol-
lowed by a relax Solong asat leastonerelax precedes
the entryinto the next wait statementthe wait will seethe
correctsystemprojections.Thelaziestandsimplestimple-
mentationis to placea prior relaxaspartof eachwait state-
mentsemanticshut we alsoplacerelaXsimmediatelyafter
assignmentsierein orderto keepthe denotationlooking
natural.

S[send g1 <= z; after xz3] Owt *) = S[relax](w’t ?)

whered = [ z](w 1)

w = wp{t »wt @d{gi—=[zi]w t) }t' >t+td }, d>0
= wp{t' »wt' d{gi—=[z](w t) Ht' >t} d<o

S[send g1 <= z;]O= S[send g; <= z; after 0] O
Slbreak ¢ => =] O(w,t) =

S[send g¢;’break <= not( g¢;’break);relax] O(w',t)

wherew = w @ {t' —»wt' d{q1=[z1]w t) }t' >t}
Slvr = z]owy = {WwypH }

wherew' = w @ {t' —»wt S{vi—[z1](w t) }t' >t}
Sfrelax] Ow,t) = {(w,t) }

wherew = w @ {t' —O(Ww t)t|t >t}
S[wait  until b1] O=

S[do {wait on g;’break]|... until b1} until  5]0
S[wait on z; untl  h]OMWt ¥) = {(wt)

where t=min  {r>ti|[ bW 7) V[ z1]W 7) £[21]w ti)}

Note that a break g¢; => z; generatesa pseudo-
signalgibreak . Theeffectof the breakis notfelt until the
next deltacycle, aswith a zerodelaysignalassignmentA
positively (non-zeroyelayedsignalassignmenuill always
befelt in the zeroth deltaat the scheduledime, provided
it hasnot beenpre-empted.A variableassignments felt
immediately

Therelax statemenprojectsforwardsthe trajectoriesof
thequantitiesaccordingo theoracle. Theoraclesolvesthe
differentialequations.



A wait statementalwaystakesat least one delta. It
exits momentarilyon receiptof a break signal and up-
datesthe projectedstatesusing relax then reentersthe
wait. A subtlety is that the wait should leave uncon-
strainedall non-localsignalsandquantitiesandthatis im-
plementedhroughthe oraclesemanticsParallelismis rep-
resentedy intersectionof relations,andthusimplements
synchronousoncurreng — thejuxtaposegrocessesimul-
taneoushagreeonthestateof thewholesystenatall times.

Thesuspensiosemanticss emptyfor assignmentsnd
nonemptyfor waits. Sequencefollow the laws setout in
[1, 2]. Two statementsn sequencenay eithersuspendn
thefirst or the first may completeandthenthe suspension
mustoccurin thesecond.

P[] = stmt — Oracle — SP
Plif by then
if [b1](w 1)

ss1 else sso fi]
then P[ss1] Ow,t)

owt) =
el se P[ ssz] O(w,t)

Plwhile b, do ss; od] O=

Plif b, then ssy;while b, do ss; od else nulll O
Pl s1; 521 O= P[s1] OU S[51] O; P[52] O
Plnull]  ow,t) = {}
P[do  ss; until b1] O= P[ ss;;while  b; do ss; od] O
P[ v = .’IZ‘]] O(W,t) = {} )
Plsend g1 <= z; after =z]OWt *) = {}

Plsend g1 <= z1] 0= {}

Ploreak ¢1 => =] O0wt) = {}
Plrelax] oOw,zt) = {}
Plwait until  b5;] O=
Pldo wait on g¢;’break]|... until by until  5]0O
Plwait on z; untl  H]OWt P) = {(w, )t ‘<r<t }
where t= min{r>t [ b1]Jw 7) V[ zi](w 7) #[ z1](w t?)}

Thesuspensiosemanticglefinesthe externally observ-
ablebehaiour. Theterminationsemanticglefinesinternal
changeof state. Assignmentsrenot obsenablein them-
seles,but their indirecteffectsareobsenrablelater during
afollowing wait statement.

Now to the semantic®of processesonly the suspension
semanticss of interest.A processs aloop,andparallelism
is expressedy intersectiorof relations.

P[] = proc — Oracle — SP

Plprocess  ni(di;...) e1;... begin  s1;... end] O=

S[dy;...; e1;..] O Plwhile T do sg;... od] O’
where O’'=D[ey;...] O

P[] = prog — Oracle — SP

Plpr ... pa]lO= P[p1]ONn ... n Plps] O

Theoracleis built from differentialequations.

D[] : (egn;...;egn) — Oracle — Oracle

D[d ¢i/dt == =z;..; d gp/dt == z,] 0= O’

where O'(s,tt’ =if t > then s else s
whered s’ ¢;/dt’ = [z]s’

d s gudt = [
s’ 9m = O(S,t)t’ qdm,

Solvingtheequationdor s’ requiresnumericalintegra-
tion. It hasto be carried out usinginputs from its ervi-
ronmentthat may involve otherdifferentialequationsn a
mutualrecursion. To avoid infinite loops, eachnumerical
calculationmustdelayits outputsfractionallywith respect
to its inputs.

Initializations set the value at zero time only, if they
comefrom input declarationspr schedulehe valuefor all
time, if they comefrom outputdeclarations.

S[gout  g1=k1] O(W,t)= {(We{r—wrd{g1—ki } T >t} 1) }
S[gout  ¢1] O= S[gqout ¢;=0] ©

S[gin  gi=k1] O(w,t)= {(Wwo{t =Wt B{q1—k1}},)) }
S[gin ¢1] 0= S[qin - ¢:=0] O

Slout  g1=k] OW, )= {(We{r—=wrd{gi—ki1}| 7 2t }t) }
Slout g1] O= S[out g¢,=0] O

S[in g1=k1] Ow,)= {(Wa{t »wt ®{g1—k1}}.t) }

Sfin 1] 0= S[in §1=0] ©

Svar  vi=k1] OW,t)= {(Wp{r—wr@{vi—=ki } 7>t} ) }
S|[var v1] O= S[var v;=0] O

We have omitted the interpretationof expressionsand
booleans.They interpretin the naturalway againststate,
but thereis nointrinsicreasorwhy they shouldnotinterpret
againstaworld line. Thatwould allow the useof temporal
logic with schedulingsemanticsn conditionalsgiving rise
to aninterestingextensionof VHDL-AMS.

Note that the semanticss clearly conserative with re-
spectto VHDL. In theabsencef differentialequationand
guantities the semantidunctionsreduceto the forms cor
rectfor VHDL, albeitover a largertime domain. Sinceall
but the wait semanticsare given by universally quantified
predicatespnly alittle agumentandsomeextra hypothe-
sesarerequiredin orderto forcea VHDL traceto satisfy
thesemanticequationsor VHDL-AMS:

Proposition 1 In theabsencef quantities,andif thetime
variable is alwaysaccessedia truncation,and all exter
nal signalsonly changeat integer times, thena VHDL-
AMS program expressiblein the core languagebehavess
thoughit were runningin VHDL, whensampledat integer
times.

We needto shav thata VHDL tracesatisfiesthe VHDL-
AMS semanticconstraintshecausehen determinismim-
pliesthatit is the VHDL-AMS tracetoo. The agument
goes:imaginethattheVHDL-AMS wait semanticés mod-
ified to includea quantificatiorover only integer/deltaime
points,sothatit hasthe VHDL semanticsin principle,the
time minimization“the first - > t* suchthate” for some
expressiore maynow give a biggerresult. But e hastime
accesseguardedvia truncationandall thesignalschangeat
only integertimes,soif theminimizationover %t givesafu-
turetime valuet7 with ¢’ > ¢, thenit will be(1) with j =0
sincesignalchangedetweerstrictly futuredeltascannote
schedulec&ndquantitiesarenot projectedo changeduring



deltasand(2) with #' integer. Sot’ minimizinge isthesame
integertime valuewhetherquantifiedover integersor reals.
Ontheotherhand,if the quantificationgivesthe samema-
jortime,i.e. 1% = ¢, , thenthewait is exactly until the next
deltacycle,asin VHDL. SotheVHDL-AMS behaiour sat-
isfiesVHDL semanticequationsf )

Thekind of statementhatwould have differing seman-
tics, hadnot carebeentakento excludeit, is

wait  until 2 >=1

which might wait until t = 0.5, but the only equivalent
allowedhereis

wait until  trunc(t)*2 >= 1

which will wait until + = 1 if t < 1, in both VHDL-

AMS andVHDL, andotherwiseuntil the next deltacycle,

in both. l.e. VHDL-AMS programsmustbe expressible
in the core languageas programsof the secondform if

VHDL programsareto have VHDL semanticsn VHDL-

AMS. Thetext of thedraft standards notvery clearin this
area. Roundingthe time accessess not sufficient to pre-
senetheVHDL behaiour. C.f. theabore with roundingin

placeof truncation.

Giving VHDL-AMS anintegertime semanticss atthe
heartof the agumentabove. Giving VHDL-AMS a mesh-
basedsemanticss whatis requiredin orderto argueabout
its behaiour with respecto calculationerrors. Theseman-
ticsrequiresonly a furtherchangeof time domain:

Time = (25§, N)

in which Z4 is a setof at mostd-separateanesh-pointsn

R. Thesamesemantiaelationshold asgiven earlier with

guantizatiomow over Z§ whereappropriate Exits from a
wait statemenarenow atthenext grid pointafterthecorrect
exit time. We will notproveit herebutit is truethat:

Proposition 2 If, overany boundednterval, the solutions
to the differential equationgdependuniformlyon theinputs
overthatintervals,then: asa time-wisecomputatiormesh
Z4¢ getsuniformly finer, the behaviourof a program exe-
cutedoverthemeshendsuniformlytoits idealbehaviourin

VHDL-AMSovereveryclosedinterval of realtimein which

it doesnot loop forever exceptpossiblythosethat contain
an exit or entryfrom/toa wait statemenin the VHDL-AMS
ideal semantics.

Theproof depend®n theagumentthatthe controlflow
in a programeventuallystabilizesasthe meshgetsfiner. If
the computationmakesprogressforever, thenit canonly
examineits inputsto a certainprecisionin every closedin-
tenval. Oncethe meshgetsfiner thanthatthe control flow
in the programis fixed over thatinterval. A finer meshjust
refinesthe calculationsn eachsubintenal thatthe process
spendsn await statement.

We will sketchhowever:

Proposition 3 Theparallelismin the core languageis be-
nign (and sois thatin VHDL-AMS,to the extentthat it is
supportedby the core), in the sensethat the resultsof a
simulatorrun nevervary. l.e., every observablesalueis ei-
ther completelyjundefinedcapableof takingeverypossible
value)or uniquelydefined.

Theproofgoesasfollows: abstracthe basedomain(the
realnumbersk) tothedomain3 = {T > » > L}, inwhich
T representsno feasibleresult”and L representsall pos-
sible values, andr € % representSunique value® The
tablesfor basicoperationsuchasadditionareasfollows:

+ T ro J_
T T T T
T T ™ + ) J_
LT 1L 1L

The table is monotonic— the resultsget lessrefinedfrom
top to bottomandleft to right. The plan of the proofis to
(1) performan abstract interpretation [4] of the semantic
relationsover this domain,(2) notethatthe semantiaela-
tionsof individual processebecomgmonotonic)semantic
functionsover this domain. (3) notethatthe interpretation
is exactfor determinaténputstatesl.e. if in theinterpreted
domainthe semantidunction f givesa statew’ with value
1 attimet’ for somevariablesr, thenit is becauséhe un-
derlyingsemantiaelation R relatesheinput statewt to all
possiblevaluesof thosevariables:, independently:
fuwtt'z = 1| w/t'|m = 'w”tl|m — wtRw't" = wt Rw"t’
This propertyis presered throughsequentiacomposition
of relations(equialently, compositionof functionsin the
interpretecdomain).Therefore(4) duringa simulationrun
on onethread,a statevariableis eitherfully determinecbr
fully indeterminateat ary moment. Whenfinally we put
theprocessem parallelthreaddogethetto getalive thread
(onewithoutstateghatarein forceddisagreementyll state
variablesat a giventime areeither(a) determinedandtake
the samevaluein boththreads(b) determinedn oneand
undeterminedh theother, or (c) undeterminedh both. The
latter arethe only surviving sourcesof nondeterminisnin
the parallelassociationandthey arisefrom the statevari-
ablesfully undeterminedn all threadsj.e. thosethat are
notsetin ary thread.

Theinterestingpartis rereadinghenondeterministice-
manticrelationsR :: (WL, Time) <> (WL,Time) asdeter
ministic functions f :: WL[3] — Time — WL[3] (ignore
the calculationof the new time point for clarity), where
WL[3] = Time — State[3] andState[3] = Id — 3.

We saythat fwit’z = r if thereis exactly oner such
thatz = r holdsin thew’ with wt Rw’t’. If thereis more
thanonewe saythat fwtt’z = L. If thereis nonethen
fwtt'z = 1.



Now the propertyfor step(3) hasto be checkedor the
atomicrelationsandtheir interpretationslt trivially holds,
for example, of assignmentpecausehe semanticggiven
hereis a function. It is therelax semanticghat intro-
ducesnondeterminisnin the variablesoutsidethe control
of the currentexecutionthread,andit introducesfull non-
determinismin those [ ]

The reasoningabore highlights that VHDL-AMS  se-
manticscould be given in a more nondeterministicstyle.
We have choseninsteadto build all the nondeterminism
into appealgo theoraclesolvingthe differentialequations.
Therestof the processsemantichereexpressesietermin-
istic dependencen whatwasreturnedby the oracle. But
it would alsobe valid to build explicit variationin the un-
controlledvariablesinto every semanticfunction within a
process.

4 A Simulator

The semanticgyiven abore hasbeenimplementedwith
only minor modificationschiefly to the parallelismseman-
tics.

The programconsistsof 2000 code-linesin the func-
tional programminganguageGofer, andits extensionTk-
Gofer. TkGoferhasabuilt-in interfaceto tk /tcl andgen-
eratedisplaysunderthe X windows system.

The modifications eliminate the (benign) non-
determinismin parallelism. Each processis corverted
into a worldline-to-warldline transformerby regardingthe
initial scheduleasinput andthe final traceas output. We
know thatthe final traceis a fixpoint, whenregardedasa
schedulgnot provedin this article), andsowe solwe for it
asafixpoint jointly producedoy a groupof processesand
jointly consumedy them. Greatcarehasto be takennot
to introduceextra strictnessnadwertently For efficiency,
world lines are modelledas infinite lists (streams)rather
thanasreal valuedfunctions. To avoid mutual recursion
betweentwo of our “black box processsemantics’for the
numberof computationateltasthat have to be performed
until stability, we seta fixed maximumfor eachsimulation
run. In the real world of VHDL-AMS simulators, the
simulation kernel effectively peeksinto each processto
seewhetherthere are further changespending, but our
compositionabpproactprecludeghat.

We usedaninterestingeal-waluedinterpretatiorof logic
in orderto applyanefficient Newton-Raphsointerpolation
for the timepointsat which booleanconditionsflip, rather
thanhave to rely onnumericalbisection.

5 Conclusion

A denotationakemanticdor the core of VHDL-AMS
hasbeensetout. It hasbeenshavn that parallelismin the

coreis benign,andit hasbeenobseredthatthe semantics
is the uniquelimit of time-meshbasedapproximations A
proof that the semanticsonseratively extendsthe VHDL
semantichasbeensketched.
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